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ABSTRACT 

The potential of X-ray spectroscopy for the remote elemental 
analysis of lunar and planetary surfaces has been explored. This Report 
describes theFerformance of a proposed X-ray Spectrograph for the 
in situ analysis of powdered samples of lunar material] 

General considerations in the design of the X-ray Spectrograph for 
lunar analysis are discussed. The instrument employs electron beam 
excitation, with dispersive crystal resolution in a fixed channel geome- 
try. A nondispersive capability by means of pulse height analysis is 
also included. Stable X-ray emission has been achieved by lowering 
the electrical resistivity of the sample. Thermal. measurements show 
that heating of the sample by the electron beam is not excessive. Varia- 
tions in particle size and shape have been found to affect the response, 
but these become serious only in extreme cases. The processes of 
interelemental X-ray absorption and enhancement are discussed, and 
are illustrated by curves of response as a function of composition. 

Experimental results using both I .  synthetic and natural L---- rock materials 
are presented for the dispersive and nondispersive modes. It is con- 
cluded that X-ray spectroscopy can be adapted to lunar spacecraft 
operation to perform a straightforward quantitative analysis for ele- 
ments present in minor as well as major abundance. 

1. EMISSION AND DETECTION OF X-RAYS 

The interaction of either an electron or an X-ray 
quantum with an orbital electron can remove the orbital 
electron from its atom. The resultant vacancy will be 
filled by an electron from an outer shell of the same 
atom. This transition to a lower energy level is accom- 
panied by the emission of an X-ray whose energy is 
defined by the initial and final electron state. Transition 

energies vary in a systematic manner with atomic num- 
ber, and it is this relationship which provides the basis 
of X-ray fluorescence spectroscopy. 

Characteristic X-ray emission line spectra can be re- 
solved according to wavelength by either electronic or 
optical discrimination. Optical discrimination requires 
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the use of analyzing crystals to diffract a particular 
wavelength according to Bragg’s law, nX = 2il sin 8 ,  
where 

A is the wavelength of the X-ray 

d is the interplanar spacing of the diffracting crystal 

e is the angle between the X-ray and the crystal 
plane (Fig. 1). 

A collimating stack of parallel blades or tubes is inserted 
either between the X-ray source and analyzing crystal, or 
between the analyzing crystal and an X-ray detector. For 
a parallel beam incident on the crystal, only those X-rays 
which satisfy the Bragg equation for a given wavelength 
or higher integral orders of n will be diffracted through 
the collimator stack. By fixing the value of e through geo- 
metrical orientation it is possible to define the one 
wavelength (irrespective of higher orders) which will be 
diffracted. 

Electronic discrimination, commonly called nondisper- 
sive analysis, dispenses with both crystal and collimator, 
and instead relies on a radiation detector which produces 
an output signal proportional to the X-ray energy de- 
posited in it. After suitable stages of amplification, the 
signal undergoes pulse height analysis. The counting of 
a statistically significant number of events produces a 
spectrum of energy versus intensity. Optical and eIec- 
tronic discrimination can be used together if desired. 

CRYSTAL r 

An X-ray flux can be detected by a scintillation or 
proportional counter, both of which produce the energy 
dependent output signal necessary for pulse amplitude 
discrimination, or by a Geiger counter whose output 
pulse amplitude is independent of the ionizing event. 
Solid state detectors offer future promise. Most K series 
lines are easily detected by conventional proportional 
and Geiger counters; however, the limited range of char- 
acteristic X-rays from light elements presents the prob- 
lem of transmitting a significant fraction of the flux 
through the counter window and to the sensitive portion 
of the counter. Absorption losses can be minimized by 
the establishment of a low density path between the 
source of X-rays and the counter, the thinnest possible 
counter window, and a minimum of dead space in 
the counter itself. 

The output of an X-ray tube will excite fluorescent 
radiation of lower energy. These secondary X-rays are 
predominantly characteristic line spectra, with little non- 
line background accompanying them. A beam of elec- 
trons is a much more efficient method of generating 
X-ray emission from a sample. However, when electrons 
are used for excitation, the characteristic X-ray lines are 
superimposed above a substantial continuous spectrum 
generated by the deceleration of electrons in the target. 
Both types of excitation are currently employed in labo- 
ratory instruments, secondary excitation in conventional 
X-ray spectrometers, and primary excitation in the re- 
cently devised electron microprobe which can focus a 
beam of electrons no more than a micron in diameter on 
a specimen under investigation. 

RADIATION D E T E C T O R  

f 

/ X-RAY PATH \ COLLIMATOR STACK 

Fig. 1. Optical discrimination of X-rays 
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II. LUNAR INSTRUMENT DESIGN 

The use of an X-ray spectrograph as a means of per- 
forming in situ elemental analyses on powdered samples 
of lunar material was proposed by Philips Electronics 
Instruments (PEI) Inc. of Mt. Vernon, New York as part 
of the Surueyor Program for soft lunar landings of un- 
manned spacecraft. The design which emerged from their 
feasibility study reflected three significant decisions 
which are discussed in the following paragraphs (Ref. 1). 

The sensitivity of any analytical technique is depen- 
dent on the degree to which the desired signal can be 
discriminated from other signals and from any back- 
ground which may be present. Analyzing crystals and 
collimators were chosen as the primary means of wave- 
length discrimination because the resolving capability of 
a dispersive system is at least an order of magnitude 
greater than the nondispersive combination of propor- 
tional counter and pulse height analyzer. This offsets the 
greater intensity of response in the nondispersive system 
for identical conditions of excitation. The lower intensity 
of dispersive analysis stems from the inefficiency of the 
diffracting crystals and losses in the collimator stack. 

The use of a beam of electrons for sample excitation 
rather than radiation from a suitably designed X-ray 
tube was based on power limitations for spacecraft oper- 
ation. At a given power level, electron excitation will 
produce an intensity of response several orders of magni- 
tude greater than that produced by fluorescent excitation. 
The fact that the required vacuum is a characteristic 
of the lunar environment makes it possible to use electron 
excitation without extreme design problems. The con- 
tinuous spectrum which accompanies electron excitation 
adds to the advantage of dispersive over nondispersive 
analysis. 

A third major decision was the choice of a multiple 
fixed channel geometry rather than a scanning system. 
Instead of providing individual channels for each ele- 
ment, a single goniometer assembly is capable in prin- 
ciple of scanning through the entire range of elements 
by continuously varying the Bragg angle. A scanning 
system requires fewer components for dispersion and 

detection. Scanning also provides additional X-ray lines 
and a more complete pattern of the continuum to assist 
in the interpretation of the data. However, the advan- 
tages of a fixed system are considerable and, for this 
application, outweigh those of the scanning system. 
Simplicity in the form of a single crystal and-detector 
is obtained at the cost of mechanical complexity in the 
design and operation of a moving system which must be 
maintained in angular alignment over its entire scanning 
range. Redundancy is diminished. The loss of crystal or 
collimator alignment, or the failure of a detector, which 
for the fixed system might be confined to one element, 
would, in the case of scanning, eliminate the entire 
experiment. The response characteris tics of a scanning 
system would necessarily represent a compromise over 
the wavelength range without the chance to “tune” each 
channel for maximum sensitivity by the appropriate 
choice of crystal, collimator, and detector. This capability 
is especially useful for the lower atomic number ele- 
ments. Finally, the fixed system is capable of making an 
analysis in a fraction of the time required to obtain 
equivalent counting statistics by scanning. 

The outcome of these considerations was the design of 
the Lunar X-ray Spectrograph” as a fixed channel system 
with provision for both dispersive and nondispersive 
wavelength resolution, employing electron bombardment 
for sample excitation. Since the delivery of a breadboard 
instrument, X-ray fluorescence spectroscopy has been 
studied extensively at the Jet Propulsion Laboratory 
(JPL) in order to assess its suitability for lunar sur- 
face analysis. This Report deals with investigations into 
sample behavior under electron bombardment, particle 
effects, matrix interactions, and the analysis of rocks. 
A subsequent article will review the design studies 
which have been performed to optimize the functional 
capability of the instrument. 

“Common usage variously refers to this type of instrument as an 
X-ray spectrograph and as an X-ray spectrometer. The lunar de- 
vice has been a victim af this ambiguity. It is an X-ray spectro- 
graph in this Report, priiiiariiy because the model used in this 
work has always been so designated, and partly because this mini- 
mizes confusion with nondispersive systems which are generally 
termed X-ray spectrometers. 

3 
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111. DESCRIPTION OF INSTRUMENT 

The breadboard instrument constructed by PEI is 
shown schematically in Fig. 2. The electron gun consists 
of a heated tungsten filament, a control grid for focusing 
the electron beam, and an anode. The filament is biased 
to negative high voltage, the control grid is operated at 
50-100 v positive with respect to the filament, and the 
anode is at ground potential. The electron gun projects 
a beam of electrons through the hollow anode onto a 
target surface in the shape of a slightly elliptical spot. 
Fluorescent radiation from the excited sample is viewed 
by 13 dispersive channels, each channel corresponding to 
a selected element of geochemical interest. These range 

from sodium to nickel and are listed in Table 1. A dis- 
persive channel consists of a crystal positioned at the 
reflection angle B for the appropriate wavelength, a flat 
bladed collimator stack which defines the acceptance 
width A0 of the diffracted X-rays, and a radiation detector 
(Fig. 1). The crystals used in these tests have been 
sodium chloride, EDDT, and potassium acid phthalate. 
Geiger counters are used for elements of atomic number 
16 and above, proportional counters for the lighter ele- 
ments. Output pulses from the proportional counter are 
passed through a double threshold circuit to improve dis- 
crimination against such contributions to the background 

I I 

ELECTRON GUN 
HV SUPPLY 

c 1 1 

METER 
L 

PULSE HEIGHT 
ANALYZER 

l - l  T E L E M E T R Y  
1 I 

SUPPLY w29 6 v  2 3 v  " 

I FILAMENT 
2 GRID 
3 ANODE 
4 DISPERSIVE 

DETECTOR 
5 COLLIMATOR 
6 CRYSTAL 
7 NONDISPERSIVE 

DETECTOR 
8 TARGET - I 

Fig. 2. Schematic of the lunar X-ray Spectrograph 
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11 

12 

13 

14 

16 

19 

20 

Table 1. Lunar X-ray Spectrograph dispersive 
channel capability 

Sodium 22 Titonium 

Magnesium 23 Vanadium' 

Aluminum 24 Chromium 

Silicon 25 Manganese 

Sulfur 26 Iron 

Potassium 28 Nickel 

Colcium 

17 Element T T I Element - 1  

as the X-ray continuum, scattered radiation, higher orders 
of reflection from the analyzing crystals, and fluorescence 
induced in the crystal by radiation from the target. A 

separate nondispersive proportional counter views the 
sample directly. Its amplified output is transmitted to an 
analog to digital converter for pulse height analysis. The 
nondispersive system provides a backup to the dispersive 
channels for elements of major abundance, and also 
guards against the possibility, however unlikely, that an 
abundant element will be encountered for which no dis- 
persive channel has been provided. 

The planned integration of the instrument with the 
Surveyor spacecraft included sufficient memory stages 
of buffer storage for the dispersive and nondispersive 
outputs to be compatible with the bandwidth available 
for transmission. The readout of information from the 
memory to telemetry would be accomplished by a com- 
manded commutator system. Although the Geiger coun- 
ters, proportional counters, and electron gun require 
different voltages for operation, one high voltage supply 
can be used i f  separate secondary windings and circuits 
for regulation and noise suppression are provided. 

IV. TEST CONDITIONS 

The portion of the breadboard which has been oper- 
ated in the vacuum is shown within the dotted line of 
Fig. 2. A pressure of 5 X mm is low enough for 
long-lived filament emission. The low voltage power 
supply and output signal electronics have been operated 
outside the vacuum system for reasons of space and 
accessibility. Laboratory high voltage supplies have been 
used for the electron gun and radiation counters. Counts 
from the dispersive channels have been accumulated in 
scalers, while a commercial pulse height analyzer has been 
used for spectral resolution in the nondispersive channel. 

Figure 3 shows the breadboard instrument mounted 
in the vacuum test facility. Prominent in the foreground 
are the three high voltage supply feed-throughs for the 
filament and grid of the electron gun. The high voltage 
supply for the electron gun was modified by the manu- 
facturer, Universal Voltronics, to allow operation in 
either a current regulated or unregulated mode. The 
energy of the electron beam, its intensity, and its pro- 
jected area are all controlled independently and can be 

iraried in small increments. The range of experimental 
operating conditions has spanned an accelerating poten- 
tial of 5-30 kv, a beam current of 1-200 pa, and a beam 
diameter of 1/32-1 in. Severe arcing was a frequent 
occurrence during the first months of testing, but with 
improvements in the high voltage connections, a stable 
power supply, and a clean vacuum chamber, such tran- 
sients have been eliminated from normal operation. 

The sample tray is visible below the electron gun. I t  
can accommodate up to 12 samples. These are positioned 
under the gun as desired by a mechanical arm and 
sprocket system. The flow counter seen in Fig. 3 was 
installed for the purpose of comparing various filling 
gases during a series of design tests. 

Operation of the instrument presents no radiation 
health hazard. The only special precaution taken was 
the installation of lead glass in the viewing port of the 
vacuum chamber. 

5 
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Fig. 3. lunar X-ray Spectrograph breadboard model 

6 
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V. STANDARD SAMPLES 

An early test objective was the choice of a simple 
chemical compound for each element that the Spectro- 
graph was designed to detect dispersively. This was done 
to obtain reference compounds for use as calibration 
standards. Another objective of at least equal importance 
was to study the response characteristics of a variety 
of powders to electron beam bombardment, since the 
instrument has been designed to analyze pulverized sam- 
ples. Altogether, some 30-35 powders with promising 
physical properties were exposed to the electron beam 
under rapidly changing conditions of excitation and for 
prolonged bombardment times. Powders which have a 
low melting point or dehydration temperature are not 
suitable, while those which are hydroscopic are difficult 
to store over long periods of time. Any preconditioning of 
these powders, such as baking at elevated temperatures, 
has been avoided as impractical for lunar operation. The 
compounds selected as reference standards are listed in 
Table 2. Several are best compromises rather than ideal 
in their behavior. 

An effect which is evidently due to the surface adsorp- 
tion of gases has been observed with powdered MgO. 
The intensity of X-ray emission rises gradually from the 
start of operation and finally equilibrates with a 2.5% 

Table 2. Compounds for X-ray spectrograph testing 

Na 

M 9  

AI 

Si 

s 
K 

Ca 

T i  

V 

Cr 

Mn 

Fe 

Ni 

Compound 

increase over a 30-min period. Maintaining the vacuum 
system at constant pressure demonstrated that the in- 
crease in intensity cannot be due to a decrease in absorp- 
tion between the sample and the detector. The effect has 
not been observed with any other material. 

Sudden transients in the electron beam flux can pro- 
duce damage at the surface of many powdered samples, 
ranging from minor pitting to volcanic-like bursts of 
material. The integrity of a target surface was found 
to depend on the rate of rise of both the electron gun 
voltage and the electron gun current. This was particu- 
larly true of materials which are poor conductors. In 
almost every case damage could be eliminated by ex- 
tending the rise for 30 sec or longer. Once the nominal 
operating conditions were reached and stable conditions 
of excitation prevailed, the surface integrity remained 
intact indefinitely. 

N o F  

M9O 

ALOJ 

S i G  

LirSO, 

KtCOt 

coo 
Ti02 

vzos 
CraOs 

MnOz 

FmOa 

NiO 

VI. SAMPLE CONDUCTIVITY 

IT’hen the fluorescent emission from several reference 
powders was examined as a function of gun current, a 
pattern such as that shown schematically in Fig. 4 for 
ferric oxide was observed. As the gun current is in- 
creased. the counting rate first rises proportionately, then 
decreases as a space charge of electrons builds up a t  the 
target surface. The count rate remains low with occa- 
sional sharp fluctuations, until a point is reached at 
which the kinetic energy of the electron flux has heated 
the sample sufficiently to lower its resistivity. The sample 
begins to conduct, the space charge disappears, and the 
counting rate rises dramatically. For confirmation, an 

7 
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ELECTRON GUN CURRENT- 

Fig. 4. Response of a nonconducting powder to 
increasing electron gun current 

ammeter was placed in series with the ground return 
from the sample tray to monitor the sample current 
(Fig. 2). It showed the same pattern of behavior observed 
for the count rate response. 

Since intensity and stability became satisfactory only 
when the operating conditions were such as to sensitize 
the sample to a state of relative conductivity, higher 
power levels were applied in an unsuccessful effort to 
achieve a standard operating condition for which a11 
nonconducting samples would respond adequately. How- 
ever, the beam energy per unit area required for this 
proved to be impracticably high. In addition, long term 
count rate drifts were found which could not be elimi- 
nated. The next effort consisted of an attempt to provide 
a discharge path for the electron beam by means of a 
40-mesh brass screen placed across the top of the graphite 

Fig. 5. Fixture for measurement of sample resistivity 

8 
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cup containing the sample, or alternately by embedding 
a 25-mil copper pin in the center of the cup. Both meth- 
ods eliminated gross charging at the target surface. A 
series of tests showed that the pin provided better sta- 
bility than the screen, occupied a smaller area, and 
contributed surprisingly little to the background inten- 
sity. I t  appeared possible to incorporate this pin in 
the sample cup without affecting the proposed space- 
craft sample preparation system. It was pointed out that 
the copper pin could also serve as a calibration standard 
(Ref. 2). 

The discharge pin was used for several months. How- 
ever, as analytical work became more quantitative, re- 
petitive measurements showed deviations that could not 
be tolerated. Short and long term drifts were still present, 
though less pronounced with the use of the pin. An early 
attempt to make the target surface uniformly conductive 
by spraying on a thin layer of powdered graphite had 
failed as the graphite simply vanished under the electron 
beam due to electrostatic repulsion. However, when a 
quantity of powdered graphite was uniformly distributed 
throughout the sample, the improvement in stability was 
dramatic. Measurements with an ohmmeter placed in 
series with sample material (Fig. 5), showed that the 
addition of 515% of graphite lowered the electrical 
resistivity of nonconducting materials by five to seven 
orders of magnitude. Some of the results are given in 
Table 3. Apart from special purpose tests, all powdered 
specimens now contain a fixed quantity (usually 15%)) 
of added graphite. Good sample conductivity has pro- 
duced other benefits. The linearity of X-ray response to 
increasing beam current has improved. Furthermore, 
there is no longer any limitation on the rate of rise of 
gun current or voltage in order not to disturb the sample 
surface. There is therefore no need for any built-in elec- 
tronic delays when the instrument is turned on. 

Table 3. Effect of graphite on the resistivity of 
certain nonconducting powdersa 

Sample 

Sample 

current, p a  1.4 
I I I I 

cao 

KzCOj 

Resistivity, 52 

Sample 

current, p a  

Resistivity, $2 

Sample 

current, pa 

1OOOmeg. 38 1.5 

4.2 19 194- 

420 0.55 

20 20 

I I Operating conditions: 25 kv beam voltage - 20 sa beam current 

~ 

Good conductivity in lunar samples could be obtained 
by simply precharging the sample mixing chamber 
with a small known quantity of a suitable material such 
as graphite. The use of a low voltage discharge device 
has been proposed as an alternate approach (Ref. 3). A 
limited number of tests were performed with a copper 
ring, about 3/4 in. in diameter, positioned 1/4 in. above 
the sample. The ring was biased lOOv positive with re- 
spect to the sample. The results suggest that this approach 
can only supplement, but not replace, conductivity in 
the target for the beam intensities under consideration 
(5-50 pa). Reference to Fig. 4 indicates that nonconduct- 
ing sample operation may be possible at beam currents 
low enough to avoid building up the negative space 
charge. Such current levels would be 1-2 orders of mag- 
nitude below those now in use, so that a loss of sensi- 
tivity and a considerable sacrifice in the speed of analysis 
would be involved. 

9 
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VII. TARGET TEMPERATURE 

Bombardment by 3 X 10" e/sec (50 pa) with an aver- 
age energy of 25 kev delivers approximately lo7 erg/sec 
of energy to the target, much of which must be dissi- 
pated as heat. If elevated temperatures are developed in 
the sample, the more volatile constituents of certain rock 
types, such as SO2 and C12, may be driven off. In order 
to determine if standard operating conditions produce an 
unacceptable level of sample heating, the temperature 
at the surface of a powdered target has been measured as 
a function of beam flux and spot size. A thermocouple 
was embedded in a 200-mesh sample of granite with its 
sensitive area just clear of the powder. Holes were 
drilled in the base of the sample cup to accommodate 
the thermocouple leads. The electron beam was passed 
across the thermocouple by rotating the sample holder 
tray until a maximum reading was obtained. When this 
point was located, the thermocouple was allowed to sit 
under the beam for 1 min to assure that equilibrium had 
been reached. The most reliable set of results is shown 
in Table 4.  Note that for the maximum electron flux to 

Table 4. Thermocouple measurements of beam spot 
temperature on a powdered granite targeta 

1/4 in.b 

47 

56 

73 

85 

104 

123 

213 

:'Operating condition - 25kv. I hSpot size 

A. Procedure 

Material for powdered samples is prepared by grinding 
as necessary, followed by sifting to eliminate particles 
above a given size. The sample is prepared according to 
the appropriate weight percentages, and mixed by shak- 
ing and tumbling in a plastic vial. A graphite cup with 
a cavity 1/16 in. deep and 1-1/8 in. in diameter is filled 
with an excess of powder. The powder is leveled off and 
compressed with a flat metallic surface. Excess powder 
is simply decanted, and the specimen is ready for use. 

The possibility of preferential sorting during grinding, 
shaking, or tumbling has been investigated for five 
sample mixtures representing a variety of particle char- 
acteristics. Specimens were prepared from the top, mid- 
dle, and bottom of each mixture, and the respective 

Temp., "C 

3/16 imb 

51 

68 

103 

154 

197 

234 

402 

1 / E  imb 

68 

87 

129 

177 

22 1 

274 

483 

be used in analysis, 25 kv, 50 pa and a spot diameter of 
3/16 of an inch, the temperature was 234"C, removing 
any cause for concern about overheating. 

VIII. SPECIMEN PRESENTATION 

intensities were measured on the Spectrograph. The per- 
centage spread in response for each set of specimens is 
given in Table 5 together with the procedure used for 
mixing. The criteria for sample segregation is considered 
to be a variation in response for any specimen of a set 
greater than a 2a deviation from the mean of that set. 
Segregation occurred for all samples which were mixed 
only by machine, evidently due to a predominantly hori- 
zontal motion in the commercial shaker used. Shaking by 
hand overcame this deficiency. The distribution of Mn in 
A1,0, proved obstinate; the highest Mn intensity con- 
sistently appeared in the middle fraction. Apart from this 
example a combination of tumbling and shaking was able 
to prevent any preferential sorting which would have 
distorted the analytical results. The importance of such 
considerations for any spacecraft sample processing sys- 
tem is obvious. 
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Table 5. Segregation test results 

Mixing procedure* 

A !  B 

* \  B 

* I  B 

A !  B 

D 3 

D 

D 

E 

Sample 

5% Fe .95% Si02  

16% MnOz .84% A1201 

16% MnOz .84% SiOz 

14% COO. 9% A1203 
77’% S i 0 2  

84% AlzOa. 16% MnOz 

aA Machine shaken 

B Machine shaken, then handshaken 

C Tumbled 10 min 

D Machine shaken, handshaken, then tumbled 

E Tumbled, then handshaken 

Element 
ObrarVed 

Fe 

Mn 

Mn 

Ca 

AI 

Maximum % spread 
from overage 

36 

12 

26 

4 

43 

28 

16 

19 

6 

30 

3 

10 

10 

5 

8 

Segregotion 
yes > 20 > no 

Yes 

No 

No 

No 

Yes 

Yes 

Yes 

Yes 

No 

Yes 

No 

Yes 

Yes 

No 

No 

B. Compaction and Surface Smoothness 

Even with the conductive filler a moderate amount 
of surface compaction has been found to be necessary to 
preserve the surface integrity of powdered targets under 
electron bombardment. A pressure of 5 psi is sufficient 
in most cases. 

The principal effect of compaction, particularly at low 
pressures, is to improve the surface smoothness of the 
target. As surface irregularities are reduced, the effective 
path length of the emergent X-rays decreases so that 
absorption losses are reduced. Because absorption in- 
creases with the wavelength, the sensitivity to changes 
in surface smoothness are expected to increase with the 
wavelength of the characteristic X-ray. 

In order to study the effect of compaction on the 
intensity of X-ray emission, a mechanical fixture has 
been constructed which allows close control of compac- 
tion pressure. The screw and gauge device shown in 
Fig. 5 allows any pressure between 1 and 50 psi to be 
applied to a sample in preparation. A hydraulic press is 
used for higher pressures. Figure 6 shows the variation 
in the intensity of response for iron and aluminum over 
a wide range of compaction pressures. The intensity from 
powdered iron increases less than 8% from 5-25 psi, 
while the increase for aluminum oxide is 30% from 
%lo00 psi. A separate test with fewer measurements 
gave an increase of roughly 10% for iron from 10-1o00 
psi. The observation that the effect is smaller for iron 
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Fig. 6. Effect of compaction on count rate response for 
X-rays of short and long wavelength 

than for aluminum is in agreement with the prediction 
made on the basis of the difference in wavelength. How- 
ever, even at the comparatively long wavelengths of 
aluminum, Fig. 6 shows that the response of the pow- 
dered specimen is relatively insensitive to changes in 
compaction pressure in the 10-25 psi range. If this were 
not the case, the ability to obtain quantitatively repro- 
ducible results would be seriously limited. 

IX. EFFECTS OF 

A sample of iron powder prepared from a batch 
screened to a maximum particle size of 75 p produces an 
intensity of response within 3% of that from an iron 
disc. Iron powder drawn from the same batch and pre- 
pared as a 5% sample in SiO, produces a response 
proportional to its concentration. Let this same batch of 
iron powder be ground for 30 min or more and the tests 
repeated; the sample of 100% powder will be unaffected 
by the grinding, but the response of the 5% sample 
will be found to have more than doubled! 

A second factor involved in determining the effective 
path length of fluorescent radiation is the take-off angle, 
defined as the angle which the emitted radiation makes 
with the surface of the sample. The take-off angle for the 
dispersive analysis of aluminum in the breadboard is 
only 16 deg. A modification of the sample tray was made 
to allow a sample cup to be inclined at any angle to the 
dispersive channels. On repeating the compaction test 
for aluminum radiation at a take-off angle of 46 deg, 
the effect of pressure on intensity was found to be only 
one-half as great as at 16 deg (Fig. 6). The avoidance of 
low take-off angles can remove any excessive dependence 
of intensity on surface condition at long wavelengths. 
This subject will be discussed more fully in the forth- 
coming article on design. 

C. Consolidated. Targets 

Although the Lunar X-ray Spectrograph was designed 
for the analysis of powdered samples, preliminary tests 
have been made into the response characteristics of non- 
conducting consolidated targets, using a painted aquadag 
trail or metal finger to provide a discharge path for the 
electron beam. Stable fluorescent emission has been ob- 
tained from rock samples as well as from a piece of glass. 
The irradiation of surfaces of varying roughness will 
determine how much analytical capability can be retained 
if sample processing is eliminated. The need for accurate 
alignment between crystal and sample will almost cer- 
tainly make direct deployment impractical for a disper- 
sive system; this limitation is much less stringent for a 
nondispersive system. 

HETEROGENEITY 

This curious behavior is symptomatic of the difference 
in response between homogeneous and mixed samples, 
and the role which particle shape, as well as particle 
size, plays in contributing to the difference. Such effects 
have been discussed in a paper by Claisse and Sampson 
(Ref. 4), and although their study was done for fluores- 
cent excitation, tests with the Spectrograph have shown 
that these particle effects also exist with electron excita- 
tion. The observed intensity will be determined by the 
effective particle diameters traversed through both fluo- 
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rescent and nonfluorescent particles by radiation of the 
fluorescent element to be detected, or in other words, on 
the relative volume concentrations of the phases, which 
depend on the size and shape of the grains making up 
the mixture. 

Iron powder and ferric oxide have been used exten- 
sively to study these particle effects with the breadboard. 
The iron powder is very granular and irregular in shape, 
the ferric oxide is finely divided and tends to spherical 
clumping (Fig. 7). It is believed that this pair represents 
at least as extreme a range of particle types as is likely to 
be encountered in actual rock analysis. 

When the mean particle size is sufficiently large, the 
X-ray intensity is linearly proportional to concentration. 
This is the case for the unground iron powder mixture 
mentioned above. It has also been found to be true for a 
5% ferric oxide sample prepared with a minimum of 
mixing. When the femc oxide sample is thoroughly 
shaken however, the reduction in mean particle size 
distributed through the silica produces a nonlinear 
enhancement of iron fluorescence. That these results 
were not due to incomplete or preferential mixing was 
demonstrated by running segregation tests of the type 
described in Section VI11 on both the minimally and 
thoroughly mixed ferric oxide samples. 

Grinding, rather than mixing, is required to reduce 
the particle size of the hard particles of iron powder. The 
fluorescence of 5% mixtures prepared from powder 
ground for varying periods of time reached a maximum 
only after approximately 1 hr of grinding, with an inten- 
sity almost twice the initial value. As a check, iron powder 
was ground as a 5% mixture with silica and sampled 
over a 3-hr grinding period. The degree of enhancement 
was reduced by almost a factor of 10, due to dilution of 
the selfabrasive action of the powder grains. 

To strengthen the conclusion that these are physical 
effects of grain size rather than chemical composition, 
ferrous sulfide samples were subjected to mixing and 
grinding tests. Ferrous sulfide has a granular structure 
similar to powdered iron. Test results showed good 
quantitative agreement with powdered iron. 

This low concentration enhancement effect develops 
as particle size becomes small in relation to the range of 
the X-ray involved. Since the range of characteristic 
X-rays decreases with decreasing atomic number, par- 
ticles of a given size will look larger to X-rays as the 

( a  ) Fez03 (IOOX )-UNGROUND 

( b )  Fe POWDER (IOOX)-UNGROUND 

( c )  Fe FQWDER (IOOX)-3-hr GRIND 

Fig. 7. Iron and iron oxide powders used in 
heterogeneity studies 
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limit of sensitivity for rock analysis will be about 0.05% 
for most elements. 

board by first obtaining the spectral distribution of a set 
of elements and standards, and then rerunning the same 
specimens additively under the same conditions to pro- 
duce composites. Two examples of such composite pulse 
height spectra are shown (Fig. 8 and 9). Note that in 
Fig. 8 only three X-ray peaks are evident even though 
the composite has six components. The energy spectrum 

8. Nondispersive Analysis 
The capability of the nondispersive channel to provide 

quantitative information has been tested with the bread- 

lO,OO( 
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Fig. 8. Six component composite nondispersive pulse height spectrum 
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wavelength of the X-rays increases. The expectation 
then, is that for a given mean grain size, the enhance- 
ment effect ought to decrease with atomic number. This 
has been borne out qualitatively in our testing since this 
enhancement has been observed only for elements of 
z > 22. 

Although a mean particle size of a micron or less can 
increase sensitivity at low concentrations by the enhance- 
ment of fluorescence, it will be better to avoid excessive 
grinding and operate with a mean particle size which 

produces a linear response. The linear results with un- 
ground iron powder indicate that this can be obtained 
without going over 7 5 - p  (200-mesh) particles, which still 
retains a sufficiently smooth sample surface. These hetero- 
geneity effects suggest that calibration standards for the 
Spectrograph should be analyzed rocks, or if mixtures of 
chemical compounds, should have particle characteristics 
similar to rock material. The grinding and delivery 
mechanisms of any lunar sample processing system must 
be effective enough to minimize nonlinear responses due 
to variations in rock hardness. 

X. SENSITIVITY 

A. Dispersive Analysis 

The analytic sensitivity of any channel of the Spectro- 
graph will be determined by its ability to discriminate 
against the background of unwanted X-rays, by the total 
number of counts recorded, and by instrumental insta- 
bilities. If the last factor is ignored, the lower limit of 
detection will correspond to the concentration which 
produces a recognizable signal above the background 
level, with the word “recognizable” defined by some level 
of statistical confidence. For comparative purposes in 
functional and design testing, the performance of both 
dispersive and nondispersive channels has been refer- 
enced to ratios of signal to background intensities, where 
the signal is generated by a pure element or simple com- 
pound, and the background is the continuum produced 
in that channel by a nickel or copper foil. In the nondis- 
persive case, the signal and background are the total 
count rates integrated over those pulse height analyzer 
channels containing the X-ray peak of interest. It is 
possible to relate these signal to background ratios to 
the minimum detectable limit by applying equations 

Po 
E ,  = - E,“ KC 

where 

R: = signal counting rate for concentration c 

no = level of statistical confidence 

Rt = total (signal + background) counting rate 

Rb = background counting rate 

gRs = fractional standard deviation of the sample 
counting rate 

t8 = sample measurement time 

K = matrix correction factor 

C = concentration of the element under considera- 
tion 

A derivation is presented in the Appendix. 

The application of these equations to experimentally 
determined intensities has shown that, for all dispersive 
channels other than sodium and magnesium, detectabili- 
ties as low as 0.02% are theoretically possible. If as non- 
linear effects become more pronounced, the factor K 
becomes less than unity, the minimum detectable limit 
equivalent to a given signal to background ratio will 
increase. However, the values of K which have been 
determined by applykg Eq. (2) to samples of widc!y 
varying concentrations range from 0.7-2.0, a favorable sit- 
uation for the detection of low concentrations. These and 
other considerations to be discussed in Sections XI 
and XI1 make it seem likely at present that the practical 
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Fig. 9. Two component composite nondispersive pulse height spectrum 

of Fig. 9 consists of two components of adjacent atomic 
number. Such composites have been reduced using 
computer program techniques of spectrum stripping 
developed by Dr. Jacob Trombka (Ref. 5). The results 
for these and other composites are shown in Table 6. 
The capability of the nondispersive channel to resolve 
even adjacent elements is surprisingly good. In none of 
the runs did the nondispersive mode fail to report the 
presence of an element, and in only two cases (GJ and 
HJ) did it report a significant amount of an element 
which was not present. Although these composite tests 
were entirely independent of sample effects, they indi- 
cate that sensitivity levels of 1-3% may be attainable 
with nonsynthetic targets. 

The promising gross analytical capability of nondis- 
persive analysis suggests that it deserves consideration 
as a separate instrument, less sensitive but lighter than 
a dispersive X-ray spectrograph. The need to maintain 
alignment with the diffracting crystals imposes stricter 
limits on sample position and smoothness in the disper- 
sive case than for nondispersive analysis. The lower level 
of sample excitation required nondispersively will make 
it possible to substitute fluorescent excitation for the 
electron beam. Radioisotopic excitation has also been 
proposed (Ref. 6). If direct surface excitation proves 
feasible, a nondispersive X-ray spectrometer could find 
an important application on the early Apollo missions as 
a rapid, portable device to aid in the selection of lunar 
samples for return to Earth. It might also be employed for 
broad area surface analysis on unmanned roving vehicles. 
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'25 KV - 4 pa electron beam. Side window proportional counter - P10 fill 

Note: denotes those elements that mode up the composites. If the element i s  present, the correct relative intensity i s  1.00; if absent, - 
L 

Table 6. Results of nondispersive composite tests w*& computer analysis * 

XI. INTERELEMENTAL EFFECTS 

The discussion of heterogeneity in Section IX dealt 
with sample characteristics and their effect on the re- 
sponse of a single element. This section will briefly 
describe the sources of interelemental effects, and illus- 
trate the degree to which they have made themselves 
evident in this program. 

The starting point in the application of induced X-ray 
emission for analysis lies in the simple linear relationship 
between the weight concentration of an element and the 
intensity at the point of emission in the specimen, 

where 

C A  the weight concentration of element A in 
the unknown 

ZA = the emitted intensity of characteristic radia- 
tion from element A in the unknown 

Ilo0A = the emitted intensity of the characteristic 
radiation of A from pure A 

The effects discussed below occur because the speci- 
mens are not infinitely thin. As a result both the inci- 
dent electrons and the emitted characteristic radiation 
undergo a number of other processes. 

A. Continuum Radiation 

The deceleration of electrons in matter due to inter- 
action processes with atomic nuclei will generate a con- 
tinuous spectrum of radiation. The minimum wavelength 
of this radiation will be determined by the maximum 
energy of the electron beam. The peak intensity of the 
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continuous spectrum will be at a wavelength approxi- 
mately 1% times the minimum wavelength. The wave- 
length which corresponds to maximum intensity is 
therefore independent of the target material, but the 
intensity of this background increases with the mean 
atomic number of the target. The nondispersive channel 
will see the entire continuum, a dispersive channel will 
see that portion which falls within its increment of wave- 
length resolution. 

6. Absorption 

absorption according to the exponential relation 
When X-rays pass through matter, they are subject to 

where 

I ,  = incident intensity 

I = transmitted intensity 

p = mass absorption coefficient 

p = density of the absorber 

d = thickness of the absorber 

In the case of the Spectrograph, X-rays emitted at 
finite depths in the target may be absorbed before 
reaching the surface. The probability of absorption will 
depend upon the distribution in depth of the X-rays 
produced in the target, the takeoff angle of the radia- 
tion 8, and the absorption coefficient of target material 
for the radiation wavelength of interest P A .  The last two 
factors take the form of 

x = / L A  csc 8 

The parameter x has been included in a function 
F(x), which includes a term for the excitation as a func- 
tion of penetration. The penetration will be determined 
by the energy and angle of incidence of the electron 
beam, as well as by the composition of the target 
(Ref. 7). Theoretically and experimentally derived curves 
of F(x) and X are available for making appropriate 
absorption corrections (Ref. 8 and 9). 

C. Secondary Emission 

Both characteristic and continuum radiation generated 
by electron bombardment may in turn produce addi- 
tional X-ray emission at longer wavelengths. The effect 
is to enhance the intensity of the element under study. 

Castaing has treated the case of secondary emission 
caused by the continuum by calculating a single mean 
wavelength as an approximation to the continuum, and 
applying this factor to an expression which includes the 
effective atomic number of the sample, as well as the mass 
absorption coefficients of both the mean exciting radia- 
tion and the characteristic radiation being measured 
(Ref. 10). The enhancement is expected to be small. 

The more important effect of secondary emission due 
to characteristic radiation becomes significant when the 
exciting radiation is of only slightly shorter wavelength 
than the radiation to be measured, and the element 
giving rise to the exciting radiation is present in large 
concentration compared to the element under analysis. 
The various analytical expressions which have been 
developed for this effect are quite complex (Ref. 11); 
they include terms for the fluorescence yield, the mass 
absorption coefficient, the distribution of primary emis- 
sion with depth, the ratio of absorption edge frequencies 
for the exciting and excited elements, and the mass per 
unit volume of the element being excited. 

D. Atomic Number 

In the discussion of absorption, it was mentioned that 
the depth distribution of X-rays is related to the com- 
position of the sample. Two phenomena are involved, elec- 
tron mass penetration (sample stopping power) and 
electron back-scattering, both of which are dependent on 
atomic number. Although these two effects tend to cancel, 
the effect can be appreciable if two of more elements of 
widely different atomic number are present in high con- 
centration in the specimen, particularly if the lighter ele- 
ment predominates. The concentration of the lighter 
element is enhanced and that of the heavier element is 
depressed (Ref. 12). 

E. Experimental Results 

The interactim effects jmt described ceu!d make dita 
interpretation a formidable or impossible problem when 
complex samples are to be analyzed, if they occur on a 
large scale or in a manner which is difficult to treat 
systematically. To examine this critical matter, sets of 
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Fig. 1 1. Dispersive calibration curves of calcium 

Figure 10 shows the extent to which a calibration 
curve of iron in silica is affected by the addition of 10% 
nickel, calcium, and aluminum. The latter are elements 
of high, intermediate, and low atomic number respec- 
tively, which could be present in appreciable quantity in 
rock types. All four curves are similar in shape (some- 
what concave) and not greatly different in their intensity 
of response. The calibration curve with added nickel has 
the lowest intensity, although a comparison of the mass 
absorption coefficient would have suggested that the 
Fe-Ca-Si mixture would be the lowest. All points con- 
tribute to smoothly varying curves of X-ray emission as 
a function of changing iron concentration. 

Figure 11 shows that the response of calcium is also 
virtually independent of the presence of elements of 
greater, lower, and adjacent atomic number. The differ- 
ence in mass absorption coefficients is more significant 
for the calcium K-alpha radiation than for the harder 
iron K-alpha radiation; the similarity of the calcium 
calibration curves suggests that the effects of absorption 
will not be excessive. Note that the calcium curves are 
more linear than those of iron; the intensities for calcium 
are lower than those of iron, and it is tempting to ascribe 
the difference in linearity to the radiation detectors. 
However, the data shown has been corrected for the 
dead time of the Geiger counters. 

01 I I I 1 I 
0 2 4 6 8 IO 

A I , '/o 

Fig. 12. Dispersive calibration curves of aluminum 

Turning to aluminum, striking differences in count 
rate response make their appearance (Fig. 12). At this 
wavelength, the absorption coefficients can vary by more 
than an order of magnitude depending on the atomic 
number of the absorber. The relative intensities of the 
curves correspond in each case to the magnitude of 
the absorption coefficient in the manner expected. At 
long wavelengths corresponding to the lightest elements 
that the instrument has been designed to detect (8-12A), 
the general composition of the rock can be expected to 
contribute absorption effects requiring correction. In the 
extreme case shown here, 10% magnesium has the effect 
of reducing the response from 10% of aluminum by a 
factor of nine below what it is with magnesium absent. 
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mixtures containing two, three, and four elements have 
been prepared and measured on the X-ray Spectrograph. 
The atomic number range of interest (sodium to nickel) 
has been divided into three regions: low, intermediate, 
and high. Tertiary mixtures have been used for the 
majority of these tests. With silica making up the bal- 
ance of the sample, the other two elements have been 
systematically varied in composition from 1-20%. This 
procedure has been followed for successive pairs of low- 
low, low-intermediate, low-high, etc., elements. In addi- 
tion, a few quaternary combinations have been examined 
to justify the assumption that the conclusions drawn 
from the behavior of tertiary systems could be extrapo- 

lated to multicomponent rock samples. In this manner 
these tests have involved more than half of the elements 
provided with dispersive channels in the instrument. 

Figures 10-12 show calibration c w e s  obtained from 
the response of iron, calcium, and aluminum. These ele- 
ments were chosen to be representative of high, inter- 
mediate, and low atomic numbers respectively. Several 
sets of data are plotted for each element. Each set repre- 
sents the response of the representative element as a 
function of its concentration in the mixture. The compo- 
sitions of each mixture are identified by a symbol and 
specified according to percentage by weight of the 
element listed. 

0 F e . S i . C  

0 Fe 10% Ni * Si C 

A Fe 10% Ca. Si - C 
e Fe * 10% AI * Si - C 3500 

0 2 4 6 e IO 12 14 16 2 

Fe, Ol0 

Fig. 10. Dispersive calibration curves of iron 
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It is significant that in Fig. 10-12, curves of each set 
show almost identical zero intercepts. This means that 
although the emitted intensity of an element will be 
affected by a large change in the overall mass absorption 
coefficient, the response of the channel in the absence of 
that element will be essentially invariant; in other words, 
the background count rate will be largely independent 
of the composition of the sample. 

The effect of the matrix has also been examined by 
keeping the percentage of the element under investiga- 
tion constant and varying the composition of a second 
element. Particular attention has been paid in this series 
of measurements to the critical absorption edge, where a 
sharp discontinuity exists in the absorption coefficient 
for a small increase in wavelength. The characteristic 
X-ray with an energy close to the K absorption edge of 
an element Z will be far more strongly absorbed by that 
element than by the element of Z + 1. This strong ab- 
sorption produced the sharp reduction in response from 
aluminum in the presence of magnesium seen in Fig. 12. 

The critical absorption edge effect is shown in Fig. 13 
for the response of a fixed amount of nickel as a function 
of varying iron concentration, and the response of a fixed 
amount of aluminum as a function of varying magnesium 
concentration. In both cases, the absorption wavelength 
of the element Z is slightly longer than the critical ab- 
sorption value for the characteristic radiation of Z + 1, 
so that the fraction of the radiation transmitted through 
the surface of the sample to the detector decreases with 
increasing concentration of absorber. The effect is more 
pronounced for the lower atomic numbers. The existence 
of this critical absorption edge suggests that for actual 
rock analysis, magnesium may be a more difficult ele- 
ment to determine than sodium. The higher fluorescent 
yield and shorter wavelength of the magnesium K, 
radiation will be offset by the high value of the mass 
absorption coefficient of sodium for the magnesium K, 
radiation. 

In contrast to Fig. 13, Fig. 14 presents the response of 
iron as a function of the concentration of nickel, and 
the response of magnesium as a function of the concen- 
tration of aluminum. In both of these cases, the adjacent 
elements have similar mass absorption coefficients for 
the characteristic X-rays being measured. As a result, 
absorption effects as a function of changing concentra- 
tion are comparatively small. 

The magnitude of the fluorescence contribution from 
secondary emission has been sought in the measurements 
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Fig. 13. X-ray absorption in the presence of a 
critical absorption edge 

displayed in Fig. 15. The production of characteristic 
radiation of shorter wavelength than required for excita- 
tion can generate additional radiation through the effect 
of line or continuum secondary fluorescence, as discussed 
in Part C of this section. For the case of an excited wave- 
length close to that being detected (represented by the 
response of 10% potassium to increasing amounts of cal- 
cium), Fig. 15 indicates at best only a slight tendency for 
enhancement. For the response of 10% calcium to increas- 
ing amounts of iron, more favorable for continuum- 
induced secondary fluorescence, no enhancement is 
seen. Other curves have also failed to show any evidence 
of secondary emission. This interelemental effect is there- 
fore negligible for the range of concentrations expected 
in rock analysis. 
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Fig. 14. X-ray absorption in the absence of a 
critical absorption edge 

Fig. 15. Interaction measurements for the detection 
of secondary emission 

The atomic number effect described in Part 4 has been 
evident only in the extreme case of a set of binary 
carbon-iron samples. The results of this test are shown 
in Table 7. The measured iron intensity falls below the 

response expected on the basis of linear proportionality 
by a factor which increases with the percentage of added 
carbon. Only if substantial amounts of heavier elements 
are encountered, e.g., meteoritic iron-nickel, would an 
atomic number correction be required. 

Several of these interaction series have been used as 
calibration curves in the analysis of unknown mixtures 
containing the same components. The composition of 
these unknowns was withheld from those performing the 
experiment until estimates had been made from the data. 
Results for two quaternary unknowns are given in 
Table 8. They show that the Spectrograph is capable 
of performing quantitative measurements on multicom- 
ponent samples. 

To summarize, of the four types of interelemental 
effects discussed, background continuum, absorption, 
secondary enhancement, and atomic number, only ab- 
sorption appears to produce significant effects for the 

Table 7. Atomic number effect of electron excitationa 
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Element 

Fe 

co 

Si 

AI 

Table 8. Dispersive analysis of quaternary unknowns 

~~ ~~ 

Sample 1, % Sample II. % 

Measured Prepared Deviation Measured Prepared Deviation 

7.5 7.9 -5 3.4 3.6 -5 

3.5 3.6 - 3  7.9 8.1 -2 

40.0 37.4 + I  35.8 36.4 -2 

1.7 1.9 -10 3.9 3.0 4- 30 

range of elements and concentrations which apply to 
rock analysis. The calibration curves have been found 
to be invariably self-consistent as a function of the ele- 

ment being varied, nearly always consistent with regard 
to each other, and fully reproducible when sample prep- 
aration or instrumental variations were not at fault. 

XII. ROCK ANALYSIS 

Sections IX and XI have considered the nature and 
extent of particle and interelemental effects. These 
studies were made on comparatively simple systems as a 
necessary preparation for more complex situations. This 
section will deal with the analysis of actual rock material. 

Preliminary tests of the quantitative capability of the 
X-ray Spectrograph have been made with four rock 
specimens, a sulfide, a syenite, a gabbro, and a granite. 
The sulfide ore and syenite rock were supplied by the 
Nonmetallic Standards Committee of the Canadian 
Association for Applied Spectroscopy in the form of 
powdered samples, from a large quantity of material 
which has been carefully tested for homogeneity. The 
analysis accompanying the powders also included 
the number of separate analyses performed. These varied 
between 3 and 11 for the elements of interest. The com- 
position of these two materials can therefore be consid- 
ered highly reliable. 

The granite and gabbro were ground at JPL from 
pieces of rock supplied by Dr. R. Speed. No matter how 
accurate the analysis which accompanied them, the de- 
gree to which that analysis is representative of the 

samples actually tested is less certain than for the sulfide 
and syenite. The composition of the rocks and the ore is 
given in Table 9. 

The results of measurements in eight dispersive chan- 
nels of the breadboard are plotted as a function of com- 
position in Fig. 16. Both the original and corrected count 
rates are shown. The latter values were obtained by 
simply subtracting, as the background continuum, the 
response produced in the respective channels by a silica 
sample, followed by a correction for absorption. The two 
exceptions to this procedure were silicon and manganese. 
No continuum correction was applied to the relatively 
abundant silicon. For manganese, which is adjacent to 
iron in the periodic table, a weighted continuum of sili- 
con and iron based on their relative percentages in the 
rock was found to give a more satisfactory background 
correction than silicon only. The fact that the zero inter- 
cept misses the origin for most of the channels indicates 
that the continuum correction is only an approximation. 
This is not a problem as long as the relative intensity in 
each channel is representative of the concentration of the 
elements which gives rise to it. 

23 



J P L  TECHNICAL REPORT NO. 32-669 

30 

20 

10 

0 4 8 12 16 20 24 28 32 36 40 
IRON, % 

(h) 
Q V  

A 
. 

l3zEIEH 30 

15 

10 

5 

0 
0 0.1 0.2 0.3 04 

MANGANESE, % 

500 

400 

300 

200 

100 

a , I 2 3 4 5 6 7 8 
POTASSIUM, '10 

2000 

1600 

1200 

800 

0 IO 20 30 40 50 60 70 80 

SILICON, % 

500 

400 

300 

200 

100 

0 
- 

ALUMINUM, % 

Fig. 16. Rock composition vs. intensity measured on the lunar Breadboard X-ray Spectrograph. Unshaded symbols 
represent observed counting rates (adjusted for counter dead time and added carbon); shaded symbols represent 

observed (udiusted) counting rates corrected for background and enhancement, as required 
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5 

K 

- - 12.1 0.07 

4.45 0.23 0.51 2.25 
I I 1 

Ca 

Ti 

Mn 

Fe 

u 

1 .oo 7.39 2.77 7.3 I 

0.25 0.63 0.46 0.31 

0.12 0.08 0.32 

2.36 7.50 24.0 5.93 

0.24 

- 

- - - 

That a proportionality between X-ray intensity and 
concentration does exist can be seen from the corrected 
count rates of Fig. 16. The linearity of response is in 
agreement with the observations made on synthesized 
samples. The absorption correction is small (it averaged 
27c, and in only two cases out of about fifty was it more 
than 10%) but where perceptible, as in the case of alumi- 
num, it has improved the linearity of response. No sig- 
nificant enhancement effects were found. 

The point for granite plotted for the composition listed 
in Table 9 is in poor agreement with a linear response 
for several of the elements, notably iron, manganese, and 
titanium 3ome of the granite and gabbro powder used in 

these tests has been subjected to an independent spectro- 
scopic analysis. The results in all three cases, shown by 
the points of the arrows in Fig. 16a-l6c, have brought the 
value for granite into closer agreement with other points. 
This indicates that the sample was not representative of 
the original analysis, rather than the existence of a char- 
acteristic particle effect.h 

To check the performance of the breadboard, the same 
rock samples were also examined on a commercial 
laboratory X-ray spectrometer. The results are given in 
Fig. 17. They are in generally close agreement with those 
from the X-ray Spectrograph. The response character- 
istics of the laboratory X-ray spectrometer clearly are 
shared by the lunar instrument. 

In addition to the proportionality between intensity and 
concentratfon, and the agreement between the lunar 
and laboratory instruments, Fig. 16b and 16c demonstrate 
that the sensitivity of the X-ray Spectrograph for rock 
analysis extends at least to 0.1 percent. Future improve- 
ment in the quality of the results can be expected from 
longer count periods than were used in these tests, higher 
beam intensities, crystal and counter design improve- 
ments, and the supplemental data available from the 
nondispersive mode. 

A comparison of Fig. 16d and 17d for calcium and 
Fig. 16h and 17f for magnesium shows that the results 
from the lunar instrument are more consistent than 
those from the commercial model! The great efficiency 
of electron excitation compared to fluorescent excitation 
more than compensates for the much greater power sup- 
plied to the X-ray tube of the laboratory spectrometer. 
Magnesium and aluminum have low fluorescent efficien- 
cies and their characteristic X-rays are easily absorbed; the 
excellent results for the two elements are therefore among 
the most gratifying of these rock tests. 

b A  spectrographic analysis of the gabbro has not improved the lin- 
earity of the points for two of the three elements checked. A more 
comprehensive spectroscopic check of these rocks is pending. 
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XIII. SUMMARY 

The goal of this program has been to establish the 
functional capability of X-ray spectroscopy as a tech- 

4. Heterogeneity effects can be significant and are 
closely related to methods of sample preparation. 

nique for the compositional analysis of the lunar surface. 
In that portion of the work reported here, the following 
results are significant: 

5. The nondispersive system provides a useful comple- 
ment to the dispersive part of the instrument. - 

6. Data reduction for the dispersive channels is 
straightforward. Interelemental and continuum ef- 
fects do not dominate. When they are not insignifi- 
cant, corrections can be applied successfully. 

7. Experiments with rock specimens show that the 
instrument is capable of quantitative analysis for 
elements present in major and minor abundance. 

1. Stable conditions of sample excitation and X-ray 
emission can be attained with intense electron beam 
bombardment. 

2. Reproducible and internally selfconsistent results 
have been obtained in systematic measurements 
with three and four component specimens. 

- 
3. No need has been found for resorting to expedients, 

such as extreme compaction pressures or sample 
fusion, which would impose unreasonable require- 
ments on spacecraft support systems. 

The same experiments have also demonstrated that 
the sensitivity of the X-ray Spectrograph will be 
0.1% or better for all but the lightest elements of 
geochemical interest. 

APPENDIX 

Derivation of Formula for Peak to Background Ratio (Ref. 13, 14) 

N = number of counts accumulated 

R = detector counting rate 

C = concentration of element Z 

t = measurement time 

R ,  = total (signal + background) counting rate 

& = signal counting rate at concentration C (7%) 
Rb = background counting rate 

t ,  = sample measurement time 

t b  = background measurement time 

gB8 = fractional standard deviation of the sample counting rate 

n = level of statistical confidence 

K = matrix correction factor (for nonlinearity of &vs. C )  
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Fig. 17. Rock composition vs. intensity measured on a laboratory X-ray spectrometer. Unshaded symbols represent 
observed counting rates (adiusted for counter dead time and added carbon); shaded symbols represent observed 

(adiusted) counting rates corrected for background and enhancement 
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28 

UN = (N)'/Z 

and substituting (5) into (4), 

For a certain confidence level, no, and given concentration C, 

100 
To reference R; to the case of a pure element, R ,  , use 

where K corrects for any nonlinearity in the comparative response of the two 
concentrations. 

Equation (6b) can be substituted in (7) to obtain 

If R: is not sufficiently low so that R, Y Rb, an iterative solution is necessary. 
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